Contrary to the usual assumption of at least partial control of quantum dynamics, a surprising recent result proved that an arbitrary quantum state can be probabilistically reset to a state in the past by having it interact with probing systems in a consistent, but uncontrolled way. We present a photonic implementation to achieve this resetting process, experimentally verifying that a state can be probabilistically reset to its past with a fidelity of 0.870 ± 0.012. We further demonstrate the preservation of an entangled state, which still violates a Bell inequality, after half of the entangled pair was reset. The ability to reset uncontrolled quantum states has implications in the foundations of quantum physics and applications in areas of quantum technology.
In quantum theory, the words "dynamics" and "control" often go hand in hand. Indeed, the field of quantum control [1] aims to optimize certain objectives by using an external control field to fine-tune the dynamics. On the other hand, altering the dynamics of a quantum system while having little or no control over it also has great theoretical and experimental implications. The refocusing techniques, from spin echo [2, 3] to dynamical decoupling [4, 5] , use fast pulses to average out the effect of the environment, thus "freezing" the state of the target quantum system. Another related technique, universal refocusing [6] , goes even further and allows the system to go back in time. These techniques, however, assume at least some control over the dynamics. Theoretically, it is also possible to time-translate a quantum system, allowing the dynamics to go both forwards and backwards in time, with only minimal assumptions on the Hamiltonian [7] . However, it is unlikely such a protocol can be realized, because of its astronomically small probability of success.
Using a theoretical tool called central matrix polynomials [8] , a recent family of protocols combines the strength of the techniques above to allow the uncontrolled dynamics of a target quantum system to be neutralized, resetting it to an earlier state [9] . By "uncontrolled" we mean that both the target system's free evolution and its joint interaction with other systems are unknown. By "resetting" we mean that the effects of the uncontrolled dynamics on the target system are canceled without explicitly implementing the reverse evolution (cf. a recent protocol which reverses the dynamics by explicitly constructing the exact inverse unitary [10] ), and an arbitrary state is reset to a state in the past. In these quantum resetting protocols [9] , the target is an arbitrary quantum state S of dimension d S . It evolves freely according to a time-independent unknown Hamiltonian H 0 for a time t = T . The goal is to probabilistically reset the target to its state at t = 0 by making it interact with several probes, with the assumption that the targetprobe interaction V SP is always the same but otherwise un-known. In general, the number of probes needed scales as O(d 3 S ) [9] . When the target is a qubit (d S = 2), as in the experiment, the number of probes needed is at least four.
Using linear-optical circuits and entangled photon pairs, we successfully neutralized the uncontrolled dynamics of a target photon and realized the quantum resetting process ( Fig. 1) . More importantly, we demonstrated that the quantum correlation and the underlying form of entangled state is preserved when half of an entangled pair was subject to the reset. This was confirmed by violating the Clauser-Horne-Shimony-Holt (CHSH) inequality [11, 12] . The preservation of entanglement shows that the protocols in [9] can reset arbitrary quantum states, even beyond the capability of spin echo [2] or dynamical decoupling [4, 5] .
A schematic of the resetting protocol, implemented in our experiment, is shown in Fig. 1(a) . At time t = 0, we initialize the target system S in an arbitrary state |ψ(0)〉 and prepare four probes P 1 , P 2 , P 3 , P 4 in the quantum state
is the singlet state and {|0〉 , |1〉} is the computational basis. The target first evolves freely, following the unitary U 0 = e −iT H 0 , where we set ħ h = 1. Then, the probe P 1 interacts with the target via V SP for a time δ. At time t = T + δ, the interaction with P 1 ends and the target is again allowed to evolve freely for a time T , after which time it is probed by P 2 for a time δ. Similarly, the probe P 3 (P 4 ) interacts with the target at time t = 3T + 2δ (t = 4T + 3δ) via the same gate V SP . At time t = 4T + 4δ, all probes have interacted with the target and project them onto a quasi-symmetric space Q spanned by six vectors, If we successfully project the probes to one of the six bases, the target will be brought back to the state |ψ(0)〉, otherwise the protocol fails.
We test the protocol with combinations of different H 0 , U 0 and V SP . The most general time-independent Hamiltonian describing the dynamics of a two-level quantum system such as our target is given by H 0 = n · σ/2, where n = (sin θ cos φ, sin θ sin φ, cos θ ) is a unit vector and σ = (σ x , σ y , σ z ) is the Pauli vector. The evolution of the target can be seen as a SU(2) rotation through an axis given by n. Here we primarily present the results by setting θ = 0. The free Hamiltonian is H 0 = σ z /2, and the evolution from time t 1 to t 2 can be described by
The results for θ = π/2 and φ = 0, i.e., H 0 = σ y /2, are shown in the Supplementary Material.
As shown in ref. [9] , the interaction gate V SP can either be unitary or a simple quantum channel (simple quantum channels are non-unitary). We designed two optical circuits, V I SP and V II SP , illustrated in Fig. 1 (b-c), to test each of these possibilities. For circuit I (Fig. 1B) , the interaction is unitary and is chosen as the SWAP gate, given by
Via calculation we find that with this V I SP the probes can only be projected onto |m 3 〉 and |m 4 〉 vectors of Q. For convenience but without loss of generality, we measure the probes in the state |m 3 〉 by performing two Bell state measurements (BSM) on P 1 , P 2 and P 3 , P 4 simultaneously in the experiment. The success of the protocol is heralded by the outputs of both BSMs being |Ψ + 〉, and the theoretical success probability is 1/16.
The interaction gate implemented by circuit II, is a nonunitary gate. That is, V II SP ( Fig. 1(c) ), consists of a Pauli X gate, a Hadamard gate (H), and the non-unitary gate G PBS , implemented using a polarizing beam splitter (PBS). The whole gate is given by
Similar to V I SP , the probes can only be projected onto |m 1 〉, |m 4 〉 and |m 6 〉 vectors of Q. In the experiment, we project the four probes into |m 1 〉 and |m 6 〉 by measuring each probe in the Pauli Z basis. We neglected |m 4 〉 to simplify the experimental setup, causing the theoretical success probability to drop to 1/32. With all projections, when the interaction is sampled from the Haar measure, the average success probability of the protocols is above 0.2 and there even exist interactions with a theoretical success probability of 1 [9] .
The target and the probes in our experiment are encoded by the polarization degree of freedom of photons [13] , with |0〉 corresponding to the horizontal polarization (|H〉) and |1〉 to vertical (|V 〉) ( Fig. 1(d-e) ). Three entangled photon pairs are generated by three independent nonlinear crystals through spontaneous parametric down-conversion (SPDC) [14] . To achieve this, a pulsed ultraviolet laser with central wavelength 390 nm and pulse duration 140 fs at a repetition rate of 76 MHz successively passes through three sandwich-like combinations of β-barium borate crystals (C-BBO). By the end of this process, three Einstein-Podolsky-Rosen (EPR) pairs have been generated. The first pair, |Ψ − 12 〉, where |Ψ − 〉 = (|H V 〉 − |V H〉)/ 2, is used to create an arbitrary initial state |ψ 0 〉 = α |H〉 + β |V 〉 in a heralded manner by projecting photon 1 to β * |H〉 − α * |V 〉. And the other two pairs, |Ψ − 34 〉 and |Ψ − 56 〉, serve as probing photons. For circuit I (see Fig. 1(d) ), the SWAP gate is implemented by exchanging the photon channels. To realize two BSMs simultaneously, photons in channels 3&4 and 5&6 are overlapped at PBS 1 and PBS 2 , and after overlapping, then a measurement in the X basis is performed at each PBS output. The protocol succeeds when both of the BSMs give the result |Ψ + 〉. For circuit II (see Fig. 1(e) ), we implement V II SP with a PBS and two half-wave plates (HWPs). In the experiment, the target, encoded in photon 2, successively overlaps with the probe photons 3, 4, 5 and 6 at four PBSs. After overlapping, each probe is measured in the |H〉 / |V 〉 basis using a combination of quarter-and half-wave plates and a measurement PBS. When all four probes are detected at the transmissive (reflective) path of the measurement PBS, they are projected into basis |m 1 〉 (|m 6 〉) and thus the protocol succeeds.
In Fig. 2 , we demonstrate, visually and quantitatively, that the target quantum system can be reset after its uncontrolled dynamics have been neutralized. We initialize the target system at state |ψ(0)〉 = |D〉 and let it evolve freely for different times: T = π/6, T = π/3, and T = 2π/3. In Fig. 2(a,b) , we illustrate the process of free evolution on Bloch sphere with and without resetting for a visual description. With resetting, the target can be reset back to the initial state at time t 0 with high accuracy. We quantify the effectiveness of the resetting process by defining the fidelity as the trace distance between the evolved state at time t and the initial state at time t 0 = 0, F = Tr(ρ t ρ t 0 ). By also, evolutions with no resetting process are shown for reference. The data points are in good agreement with the theoretical curve. In all cases, the target quantum system can be successfully reset to its original state with a fidelity of at least 80% (See Fig.2(c-h) ).
To further verify the reliability of protocol in all cases, we initialized the target quantum system at different types of states and evaluated the fidelity between the reset state (after resetting) ρ reset and the ideal state ρ ideal , F = Tr(ρ ideal ρ reset ). For the two circuits, we prepared the target quantum system at six initial states, namely |H〉, |V 〉, |D〉, |A〉, |L〉, and |R〉, where |D/A〉 = |H〉 ± |V 〉, |L/R〉 = |H〉 ∓ i |V 〉. We set the time of free evolution for each initial state to T = 2π/3 for both circuit I and circuit II. With resetting, each of the six fidelities in both circuits is far beyond the classical limit of 2/3, and the average fidelities for circuit I and circuit II are F = 0.870 ± 0.012 and F = 0.869 ± 0.021, respectively (Fig.3) .
As a test of the quantum nature of the protocol, we show that when only part of an entangled state is reset, and the whole entangled state is preserved. As shown in Fig. 1(de ), photons 1 and 2 are prepared in the maximally entangled state |Ψ − 〉 as before. But only photon 2 is subjected to a nontrivial evolution and reset to its initial state. We can compute the entanglement fidelity between the state of photons 1, 2 before and after the protocol. The density matrix of |Ψ − 〉 can be decomposed as |Ψ − 〉 〈Ψ − | = 1 4 (I − X X − Y Y − Z Z), where Z = |H〉 〈H|−|V 〉 〈V |, X = |D〉 〈D|−|A〉 〈A|, and Y = |R〉 〈R| − |L〉 〈L|. Using such a decomposition, it is sufficient to measure in three bases, X X , Y Y , and Z Z, to obtain the entanglement fidelity. We set the free evolution time to be T = 2π/3 for circuits I and II. We count the sixfold coincidence in 4 hours for each setting to obtain the measured fractions in Fig. 4(a-b) . The entanglement fidelities are F = 0.805±0.017 for circuit I and F = 0.807±0.033 for circuit II. Furthermore, we perform a Bell test using the CHSH inequality with photons 1 and 2 in which only photon 2 undergoes the quantum resetting process. The results are shown in Fig. 4(c-d) . We obtain a CHSH value of 2.13±0.05 (2.26±0.08) for circuit I (II). Without resetting, the CHSH value is about 0.710 ± 0.002 under the measurement settings of Fig. 4(c-d) . The Bell violation shows that the quantum resetting protocol preserves the entanglement, and more importantly the entangled state, in a composite quantum system when it is applied to part of it.
In conclusion, we have experimentally demonstrated that the free evolution of an uncontrolled two-level quantum system, such as a photon polarized in the horizontal and vertical directions, can be turned back and undone. This is accomplished probabilistically by making it interact, not necessarily unitarily, with four quantum probes. This process effectively alters the flow of time experienced by the uncontrolled system. Also, we show that when this alteration happens to one part of a composite quantum system, the correlation present in it is preserved at the end of the process.
An extension of the resetting protocol also allows the dynamics of multiple qubit targets to be treated as a resource: by slowing down or freezing some parts of a system, other parts can be accelerated [15] . However, implementing this protocol requires significantly more probes and more complex interactions. The scaling of the probes is also the main hindrance in implementing the resetting protocol for higher dimensional targets. Fortunately, recent progress in both theoretical [16] and experimental [17] techniques has shown ultracold atoms in optical lattices to be a promising candidate for simulating complex many-body quantum systems. Photons cool down the atoms then trap them in a periodic potential. Interactions between the atoms can be controlled by tuning the shape of the trap. It is possible to incorporate our photonic implementation of the resetting protocol into such lattices to help us overcome the challenges, by using photonic systems as the control mechanism and atomic systems as the targets.
Experimental setup
As shown in Fig. 1 in main text, for each entangled photon pair source, a 300 mW pulsed ultraviolet laser is focused onto the sandwich-like geometry BBO crystal, which consists of two 2-mm-thick BBO crystals and a 44-µm-thick true-zero-order HWP, with the same waist ω 0 150 µm. Further, we use a YVO 4 crystal with a thickness of 2.3 (0.715) mm cut at 45 • with respective to the propagation direction in the horizontal plane to compensate spatial walkoff in the arm of extraordinary (ordinary) ray, and a 1.36 (0.39) mm thick YVO 4 cut at 90 • to compensate temporal walk-off (see Fig. 5 ). To eliminate the frequency correlations between independent pairs, we select bandpass filters with 3.6 nm to spectrally filter both signal and idler photons. With this filter setting, the respective twofold coincidence court rate of three entangled photon pairs are ∼ 135000 Hz, ∼ 156000 Hz, ∼ 102000 Hz, correspond overall efficiency is 23.7%, 24.0%, 23.6% and visibility in |D〉 / |A〉 basis is 95.2%, 96.7%, 97.0%. With finely adjusting the distance of each photon, we make sure that the photons overlap on the PBSs well for both two circuit, and we eventually obtain an average fourfold coincidence rate of ∼21 s −1 with a corresponding Hong-Ou-Mandel visibility of 89.5% in |D〉 / |A〉 basis.
Noise analysis
An important experimental challenge in the resetting process is noise control. The noise of our setup as shown in main text is mainly from the higher order spontaneous parametric down-conversion (SPDC) process and the temporal distinguishability between different photon pairs.
Here, we primarily analyze the noise from the higher order SPDC process in our experiment, include circuit I and circuit I I. In general, we define the p as the downconversion probability, M as the repetition frequency of the pulsed ultraviolet laser, η as the overall collection efficiency which combine with the link, coupling and detection efficiency. Therefore, we can obtain p 1 = 0.0316, p 2 = 0.0356, p 3 = 0.0241 based on coincidence count rate C = p · M · η.
During quantum resetting protocol, we assume the effect of high-order emission on target system qubit s and qubit i which entangled with the target system can be regard as white noise model with probability (1 − ν), under this scenario, the single photon state and two photons entangled state after resetting can be described as a Werner-like state:
We consider the noisy contribution from our two circuits (see Fig. 6 ), for circuit I and circuit I I,
According to the average downconversion probability p = 0.0304, the theoretical fidelity of target system ρ s of circuit I and circuit I I can be calculated as 
The theoretical fidelity of two-photon entangled state ρ si of circuit I and circuit I I can be calculated as 
Moreover, the temporal distinguishability between different photon pairs, dark count of single photon detectors, white light noise in laboratory and the imperfections of optical elements (PBS, HWP, etc.) also may lead to the loss of fidelity. In the experiment, and the average fidelity of single photon state after the resetting process for circuit I (II) is F = 0.870 ± 0.012 (F = 0.869 ± 0.021), and the entanglement fidelity for Circuit I (II) is F = 0.805 ± 0.017 (F = 0.807 ± 0.033). Although the experimental value are smaller than the theoretical prediction, in our opinion they are rational and reliable.
Experimental results for H 0 = σ y /2
To verify that our photonic time-warp machine could reset the target system which evolves with arbitrary free Hamiltonian, we also change the H 0 in circuit I as the form of H 0 = σ y /2. In experiment, we first illustrate the process of free evolution with and without resetting in Fig. 7 . Further, we test the reliability of our photonic time-warp machine with the target quantum system initialized at different types of states. The result is shown in Fig 8. At last, we verify the capability to reset a target system which entangled with other systems. As shown in Fig. 9 , the fidelity of entangled state is F = 0.811 ± 0.024 and the CHSH inequality value is 2.19 ± 0.05. These results demonstrate the validity of our photonic time-warp machine for arbitrary free Hamiltonians.
Summary of experimental results
For a clear illustration, we give the summary of our experimental results in Table. S1. In our experiment, the photonic time-warp machine successfully reset the target system with different free Hamiltonians, different interactions, 
